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ABSTRACT: Auger-type energy exchange plays key roles in the carrier
dynamics in nanomaterials due to strong carrier—carrier interactions.
However, theoretical descriptions are limited to perturbative calculations
of scattering rates on static structures. We develop an accurate and efficient
ab initio technique to model Auger scattering with nonadiabatic molecular
dynamics. We incorporate the many-body Coulomb matrix into several
surface hopping methods and describe simultaneously charge—charge and
charge—phonon scattering in the time-domain and in a nonperturbative,
configuration-dependent manner. The approach is illustrated with a CdSe
quantum dot. Auger scattering between electrons and holes breaks the
phonon bottleneck to electron relaxation. The bottleneck is recovered when
electrons and holes are decoupled. The simulations correctly reproduce all
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experimental processes and time scales, including Auger- and phonon-assisted cooling of hot electrons, intraband carrier relaxation,
and carrier recombination. Providing detailed insights into the energy flow, the developed method allows studies of carrier dynamics

in nanomaterials with strong carrier—carrier interactions.
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Electron—Electron Scattering

Nanomaterial exhibit extraordinary thermal, mechanical,
and electronic properties and find wide applications in
chemistry, engineering, and materials science. Carrier confine-
ment is among the key factors underlying the great
performance of nanomaterials. It is achieved by reduction of
dimensionality, as in quantum dots (QDs) and wires and
various layered systems, or by the creation of superlattice
structures. Finding applications in optoelectronics, quantum
confinement reduces electron—phonon scattering and enhan-
ces charge carrier lifetimes. At the same time, strong
confinement augments carrier—carrier scattering, amplifies
dissipative Auger-type processes, and shortens carrier life-
times.'~

In an Auger process, one electron falls from a high energy
level into a lower level, and the released energy excites another
carrier, possibly leading to its emission. Auger processes
depend on carrier—carrier interactions and can break the
“phonon bottleneck”, arising in nanomaterials due to reduced
electron—phonon scattering.”~ ' Auger-mediated carrier losses
can accelerate carrier trapping and recombination, under-
mining electronic properties of nanomaterials. Various
methods have been developed to inhibit Auger processes in
nanosystems, such as separation of electrons and holes through
doping and introduction of traps'’~"* or modification of
nanostructure size and shape to reduce Auger efficiency.’
There are few theoretical works on modeling quantum
dynamics of Auger processes, because of the computational
expense of electron—electron interactions.
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Most theoretical works compute Auger transition rates with
Fermi’s golden rule based on electron—electron interactions
from static configurations. Such a perturbative approach is
computationally efficient, given the dense manifold of states
and a tremendous number of Coulomb matrix ele-
ments.”""*7!7 Nevertheless, Coulomb interactions can be
strong under quantum confinement, challenging the perturba-
tion theory assumption of weak coupling. Further, a rate
calculation assumes a particular kinetics, typically exponential,
while quantum dynamics starts as a Gaussian and may develop
complex time-dependence, especially with multiple competing
processes, such as charge—charge and charge—phonon
scattering, charge and energy transfer, polaron and exciton
formation, spin transitions, etc., that can occur on similar time
scales.”*”'® Moreover, charge distributions and Coulomb
interactions can exhibit a strong dependence on atomic
configuration, both in inorganic semiconductors’® and
especially in soft materials, such as metal halide perovskiteszo’21
and organic matter.””

Two approaches have been used to model Auger-type
quantum dynamics at the atomistic level of description and in
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the time-domain. One technique added intermediate high-
energy states and decomposed a two-particle Auger transition
into two single-particle transitions, as introduced by Kim et
al."”*® Zhu et al. used this method to demonstrate Auger-
assisted electron transfer between semiconductor quantum
dots (QDs) and molecular acceptors using nonadiabatic (NA)
molecular dynamics (MD).”* Wang et al.*® introduced the
global flux surface hopping (GFSH) method to allow NA
transitions involving multiple particles simultaneously. Still,
both methods rely on single-particle coupling matrix elements
and require many intermediate states in the calculation. The
approaches have been used to model several systems and
proved capable of reproducing experimental time
scales.”'>***” Even though single-particle models have
experienced huge successes, the physics of Auger processes
resides in carrier—carrier interactions, and therefore, it is
desirable to include such interactions into NAMD simulations
explicitly.

In this Letter, we introduce the electron—electron
interaction into NAMD, as implemented with ab initio real-
time time-dependent DFT (TDDFT) in the PYXAID
code.” We compute the many-body Coulomb matrix
elements and incorporate them into the TDDFT equations-
of-motion and surface hopping (SH) transition probabilities.
These matrix elements are readily available in linear response
TDDFT codes. In contrast to linear response TDDFT, we
avoid diagonalization of large matrices, keeping the computa-
tional cost low. By incorporating both NA and Coulomb
coupling, the methods allow for simultaneous modeling of the
quantum dynamic of electron—phonon and electron—electron
scattering in a nonperturbative, configuration-dependent way
and in the time-domain. We test the developed method on a
CdSe quantum dot (QD), which has been studied for light
harvesting and optoelectronics both experimentally and
theoretically and which constitutes a classic example of an
Auger-type process in a nanomaterial.">""'****" ‘With the
spatial confinement, QDs are expected to have slow electronic
transitions due to the mismatch between electronic and
vibrational energy quanta. However, most QDs exhibit rapid
bulklike relaxation. Our results show a sub-picosecond Auger
process that outcompetes phonon-driven relaxation, in
excellent agreement with experiments. Accurate and efficient,
the developed method can be applied to various low-
dimensional materials, in which charge—charge scattering
provides an important pathway of energy flow.

The evolution of the multielectron wave function ¥(r, R, t)
is determined by the time-dependent Schrodinger equation
(TDSE):

. a\P(rr R, t)
ih————=
ot (1)

The Hamiltonian H of the electron-nuclei system depends
explicitly on electronic coordinates r, and parametrically on the
nuclear coordinates R. ¥(r, R, t) can be represented with a
linear combination of basis functions ®,(rIR):

P(r, R, t) = Z ¢(t) @(rR)
i 2)
In the time-dependent Kohn—Sham (TDKS) theory,”¥*"**
the multielectron wave functions @,(rIR) are Slater determi-
nants of adiabatic Kohn—Sham® (KS) orbitals ¢, that are
computed with standard DFT packages. The TDSE is
rewritten as

=H(r, R, t) ¥(r, R, t)
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j (3)
where §;; is the Kronecker delta, ¢; is the eigen-energy for basis
function @, and d;; is nonadiabatic coupling (NAC) between

basis states @; and @;:
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(4)
Because d;; is a one-electron operator, it is nonzero only if
Slater determinants ®; and ®; differ by one KS orbital. The
many-electron d;; can be reduced to NAC between single-
particle KS orbitals [see the Supporting Information (sn1.*®
In order to incorporate explicitly carrier—carrier interactions
into the NAMD simulations, we introduce the corresponding
many-body terms into Hamiltonian H(r, R, t). The electron—
electron interaction between states @, = @ = @, @,..(0,..ON)
and @, = @ = 19, @,..05..¢y) is evaluated as

V; = (@} IVI®) = (mnlpq) — (mnlqp) (s)
Here, (mnlpg) is the Coulomb integral:
e2 * * -1
(mpg) = <= [ dn drg¥(e) o ()l w) () (o

The Coulomb tetradic tensor in eq 6 is evaluated with the
projector augmented wave (PAW) methodology (see the
SI).34’35 The single-particle tensor gives the interaction matrix
for many-particle Slater determinants ®; (see eq 5). The matrix
elements in eq S are nonzero for multiparticle states that differ
in two electronic orbitals, and therefore, they describe
electron—electron scattering. The two-particle interaction
describes energy flows from electrons to holes considered in
the example below. It also describes Auger-assisted charge
trapping, in which a particle being trapped gives excess energy
to another particle, and Auger-assisted electron—hole recombi-
nation, in which an electron hopping from the conduction to
valence band edge gives energy to another electron. Higher-
order processes, such as annihilation of a double exciton into a
single exciton, can be introduced using Coulomb interactions
arising in the Bethe—Salpeter theory.” Dielectric screening of
Coulomb interactions can be included using a material’s
dielectric constant or, more rigorously, the frequency-depend-
ent dielectric matrix of the GW theory.””**

With the addition of the Coulomb matrix elements, the
Hamiltonian H; in eq 3 is updated to

Hy = &6; + d; + )
The NAC dii’ eq 4, describes electron-vibrational interactions,
while the Coulomb matrix element V;, eq S5, generates
electron—electron scattering. Thus, both types of interactions
are included in the TDSE.

Hamiltonians of this type, eq 7, but without dij, are
commonly used in linear response TDDFT and many-body
wave function models.****”* Excited state energies are
obtained as eigen-energies of the many-body Hamiltonian,
and the wave functions are expressed as superpositions of
many Slater determinants. The large dimensionality of many-
body Hamiltonians limits the solution of the eigenvalue
problem to small systems and few excited states. Our approach
does not require finding eigenstates of the many-body
Hamiltonian. Instead, the Hamiltonian, eq 7, is used to
propagate the TDSE in the Slater determinant basis. Even if
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diagonalization of the many-body Hamiltonian is feasible, it is
easier to interpret simulations in the Slater determinant basis,
since Auger-type energy exchange between charge carriers
assumes the single-particle picture. Simulations in the adiabatic
many-body representation are more suitable for studying
processes involving bound electron—hole pairs, i.e., excitons.
The Hamiltonian, eq 7, can be used in any SH technique.
We have implement the method within Tully’s fewest switches
SH (FSSH)*" that is the most popular SH approach, the
GESH* generalization of FSSH, and decoherence-induced SH
(DISH)." The transition probability for Tully’s FSSH is given

by
Rel[ i(dij + Vl}) ]Ci*(t) Cj(t)j| dt

t+dt 2
Pi—>/(t1 dt) = / P
e a7l h

(8)

where d; and V;; are the NAC and Coulomb matrix elements,
egs 4 and S, and the coefficients c,(t) are solutions of the
TDSE, eq 1, in the Slater determinant basis, eq 2. FSSH only
allows transitions between states that are directly coupled, as
its probability is proportional to the coupling strength, eq 8. As
such, FSSH does not allow for the superexchange mechanism,
in which two states are not coupled directly, but through a
third state. To account for this deficiency, FSSH was
generalized in GFSH that allows transitions between states
that are not coupled directly.”> The DISH approach is another
recent SH scheme that does not have this deficiency.
Compared to FSSH and many other SH techniques that
employ different ad hoc expressions for state-to-state transition
rates, the transition probabilities in DISH are given by the
quantum mechanical probabilities, i.e., squares of the c(t)
coeflicients, directly. Further, DISH is rooted in the theory of
quantum open systems'”*’ and naturally incorporates
decoherence effects. The simulations reported below are
performed with the DISH approach.

The apgroach is implemented within the PYXAID software
package.2 7 Because KS orbitals ¢, obtained from standard
DFT packages are specified up to an arbitrary phase that can
change between MD time steps, we enforce phase-
consistency.48 In order to eliminate trivial crossings,49 we
keep track of orbital ordering.”® The simulations are performed
with VASP using the Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional and the PAW method.”' ~°
The NAC are computed using the methodology developed
recently for the PAW method®” based on the Pawpyseed
package.”

We illustrate the method by investigating electron cooling in
the Cdj;Se;; QD, Figure la, since it constitutes a classic
example in which Auger-type energy exchange between
electrons and holes breaks the bottleneck to the phonon-
mediated relaxation." Simulation details are provided in the SIL.
The QD diameter is 1.4 nm. The electronic density of states
(DOS), computed for the optimized geometry, exhibits an
isolated state at the conduction band (CB) edge (see Figure
1b). The state, commonly denoted as 1S,, corresponds to the
lowest unoccupied molecular orbital (LUMO) and couples
weakly to other states. Figure 1c demonstrates phonon-driven
evolution of the energies of the highest occupied molecular
orbital (HOMO) and the 1S, and 1P, (LUMO+1) states along
the MD trajectory. The 1S, state remains separated from the
CB at room temperature as well. The large gap (0.43 eV)
between 1S, and 1P, prohibits rapid nonradiative relaxation of
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Figure 1. (a) Optimized structure of the Cd;;Se;; QD (Cd, magenta;
Se, green). (b) Electronic density of states for the QD. The DOS is
higher in the valence band than in the conduction band. The LUMO
(1S,) is isolated from the LUMO+1 (1P,) and the rest of the band.
(c) Phonon-induced fluctuations of the orbital energies along the MD
trajectory. (d) Schematic of the Auger-type process, in which the hot
electron cools from 1P, to 1S, while exciting the hole to deeper levels.

hot electrons; i.e., there exists a phonon bottleneck.”'® The
bottleneck can only be observed experimentally, if the valence
band (VB) hole is decoupled from the electron.'’ If both
electron and hole are present in the QD and can exchange
energy, the bottleneck is broken.'?

A hot electron deep inside the CB relaxes rapidly through
the dense manifold of states to 1P, by coupling to phonons.
Then, the electron hops from 1P, to 1S, via the Auger process,
depositing its energy to the hole that is excited from the VB
edge deeper into the band (see Figure 1d). The hole relaxes
rapidly to the VB edge through phonons. Finally, the electron
and hole recombine across the band gap, depositing the excess
energy to vibrations. In the presence of more charge carriers,
e.g., the trion”” or double exciton,'® the energy released during
the recombination can be deposited into the extra carriers.
These types of Auger processes are not presently considered.

Figure 2a,b demonstrates the sub-picosecond Auger process
occurring due to the Coulomb interaction. Both multielectron
and single-electron state populations are shown. The
simulation is started with the excitation ®%: HOMO — 1P,.
State @% decays quickly, within ~0.2 ps, and at the same time,
the group of states @}, (HOMO-1 and below - LUMO)
gets populated (see Figure 2a). At the single-particle level,
Figure 2b, the hot electron jumps from 1P, into 1S, within 0.2
ps. At the same time, the hole residing initially in the HOMO
gets excited into deep hole levels (DHs). Subsequently, the
deep hole relaxes quickly, on a sub-picosecond time scale, back
to the HOMO, as seen in the bell-shape curves in Figure 2a for
@}, and Figure 2b for DHs, and the inverse, V-shape curve
for the HOMO. The Auger process followed by the quick hole
relaxation bypasses the phonon bottleneck.

In comparison, the simulation without the many-body
electron interaction misses the Auger process. In Figure 2c,
the population of the states ®f (HOMO and below —
LUMO+1) decays slightly after 40 ps, and the hole excited
states 5, (HOMO and below — LUMO) are not involved at
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Figure 2. State populations illustrating the Auger process. (a, c)
Populations of the multielectron states during NAMD with and
without Coulomb scattering, respectively. @} represents the HOMO
— LUMO excitation (blue). @} represents all excitations from
HOMO and below to LUMO+1, green. @y, represents all
excitations from HOMO-1 and below to LUMO (red). (b, d)
Corresponding single-particle populations during NAMD with and
without Coulomb scattering, respectively. DHs (deep holes) represent
all holes in HOMO-1 and lower states.

all. In Figure 2d, the population of the hot electron, initially
residing in 1P,, decays only slightly after 40 ps. The hole
rapidly equilibrates among levels within kgT around the
HOMO due to the strong NAC between these states. The
DHs never get significantly populated (cf. Figure 2b). Without
the Coulomb interaction, the electron decays from 1P, to 1S,
within hundreds of picoseconds, as observed in the experi-
ments with holes decoupled from electrons.'® Therefore, the
many-body electron interaction is essential for modeling the
Auger process.

Table 1 summarizes time scales of the various processes.
Additional results and discussion are provided in the SI.

Table 1. Time Scales for Hot Electron Relaxation to LUMO
+1, Hot Hole Relaxation to HOMO, LUMO+1 — LUMO
(1P, — 18,) Transition, and Charge Recombination”

with Coulomb V;;  without Coulomb

electron relaxing to LUMO+1 0.3 ps
hole relaxing to HOMO 0.2—0.3 ps
LUMO+1 —» LUMO 0.1S ps 210 ps
electron—hole recombination 1000 ps 1000 ps

“The hot electron/hole relaxations were modeled as single-particle
processes, not allowing energy exchange between particles. Simu-
lations of the 1P, — 1S, transition and electron—hole recombination
included both the electron and hole.

Comparisons of the NAC and Coulomb matrix elements are
provided in Figure S1 and Table S1. The NAC for adjacent
states is around 20 meV in the VB and 10 meV in the CB,
rationalizing the fast intraband relaxation. The NACs across
the gaps between 1P,—1S, and 1S,—ground state are 1 to 2
orders of magnitude smaller. The Coulomb matrix elements
are around 10—40 meV between states ®ff (HOMO —
LUMO+1) and @y, (HOMO-14, .., HOMO — LUMO, p =
0, .., 0.14), rationalizing why the Auger scattering is fast and
breaks the phonon bottleneck. As shown by Rabani and co-
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workers, " the Coulomb matrix elements decrease signifi-

cantly with increasing QD size. The electron—phonon
interaction decreases with system size at a slower pace, such
that the two interactions are comparable for QDs used in most
experiments. In bulk, the Coulomb interaction is weaker than
the electron—phonon interaction. The energy flow between the
electronic and vibrational subsystems is analyzed in Figures
§2-S5, and frequencies of active phonon modes are identified.
Electrons and holes relax within dense band manifolds on
0.15—0.4 ps time scales depending on the initial energy. After
the electron relaxes to 1P,, it exchanges energy with the hole
on a 0.15 ps time scale and drops to 1S.. Then, the hole rapidly
relaxes to the band edge. In the absence of other charges, the
electron—hole recombination takes 1 ns.

In summary, we have developed and demonstrated an
efficient technique for modeling Auger-type processes with
NAMD. The quantum dynamics calculation incorporates
simultaneously electron—phonon and electron—electron scat-
tering processes in a nonperturbative manner with explicit
dependence on atomic configuration. In addition to the NAC
that describes electron-vibrational interactions, we have
incorporated the Coulomb coupling that captures many-body
electron interactions. In particular, the Coulomb matrix
elements can couple states that differ by two KS orbitals
and, therefore, allow transitions in which two particles
exchange energy. The methodology has been implemented
within several SH schemes. The additional expense of the
calculation arises from the need to obtain configuration-
dependent Coulomb matrix elements, which are computed
routinely in linear response TDDFT. In contrast to linear
response TDDFT, the current method does not require
diagonalization of large matrices, and the additional expense is
minimal.

The developed technique has been demonstrated by
application to the Auger-assisted relaxation of hot electrons
in a CdSe QD. This problem constitutes a classic example of
an Auger process in a nanoscale material. The Auger-type
energy exchange between electron and hole breaks the phonon
bottleneck to the hot electron relaxation. The bottleneck can
be recovered only when the hole is decoupled from the
electron. Our simulations demonstrate all processes observed
experimentally and reproduce the experimental time scales.
Importantly, Auger-type and phonon-assisted processes can
occur in parallel on similar time scales and compete with each
other. Therefore, it is necessary to model them simultaneously,
as achieved by the developed technique. The method makes no
perturbative assumptions, as is often the case in rate
calculations. This is important, because Coulomb interactions
can be strong in confined systems. Further, the quantum
dynamics simulations enabled by the developed approach
differ from kinetics calculations that have to assume a
particular kinetic mechanism, e.g, first or second order,
Gaussian or exponential. The NAC and Coulomb terms
depend explicitly on the nuclear configuration, which is
particularly important for studying softer materials, such as
metal halide perovskites and organic matter, as well as in
organic materials with surfaces, edges, and defects, since such
systems can undergo large-scale anharmonic motions as a
result of both finite temperature and electronic excitation.®**
The direct modeling of Auger processes with NAMD captures
realistic aspects of the materials” atomic structure and provides
an efficient and accurate approach for studying carrier
dynamics in low-dimensional materials.
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